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S.

dependency of strain on theta, the ellipticity omega is fixed at 0.012, time is 1/10 of precession period
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Iljxuh ;18= Wkh vwudlq ghshqgv rq wkh dqjoh wkhwd doprvw lq d vlqxvrlgdo idvklrq1 Wkh
jxuh vkrzv d sduwlfxodu prphqw lq wlph1 Lq dyhudjh/ ryhu d suhfhvvlrq shulrg/ wkh vwudlq lv
sursruwlrqdo wr wkh vlqh ri wkhwd1

dependency of strain on time (and so phi), the ellipticity omega is fixed at 0.012
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Iljxuh ;19= Wkh vwudlq lv dovr d ixqfwlrq ri wlph1 Wkh vwudlq ghshqgv rq wlph dv wkh vlqh ri
skl grw wlphv wkh wlph1
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Iljxuh 4714= Wkh Dftxlvlwlrq dqg Gdwd Dqdo|lvlv surfhgxuh lpsohphqwhg lq wkh DOOHJUR
ghwhfwru1 Wkh dqwhqqd rxwsxw lv wkh uhodwlyh prwlrq ri wkh edu dqg wkh wudqvgxfhu1 Wkh orfn0
lq ghprgxodwru vkliwv wkh }hur iuhtxhqf| wr wkh uhihuhqfh iuhtxhqf| Ã +d iuhtxhqf| ehwzhhq
wkh wzr uhvrqdqw prghv ± dqg
,1 Wkh gdwd lv orz0sdvv owhuhg/ wr dyrlg doldvlqj/ dqg
vdpsohg dw d uhodwlyh vorz sdfh +dw« 458 K},1 Wkh ghprgxodwlrq vhsdudwhv wkh gdwd lq wzr
fkdqqhov= wkh lq0skdvh { dqg lq0txdgudwxuh | frpsrqhqwv ri wkh gdwd vhtxhqfh1 Wkh gdwd lv
vwruhg rq glvn/ zlwk lqirupdwlrq rq wkh dqwhqqd*v hqylurqphqw dqg rq wkh wlph1 Wkh gdwd lv
frqvhtxhqwho| surfhvvhg wkurxjk vriwzduh wr surgxfh d qdo wlph vhulhv fdoohg wkh %Hqhuj|
Lqqrydwlrq%1

.

Input : g (t ) = x 2 − x1

Fast Filter Process:
Simulation

g~data (ω )
Fast Fourier
Transform

~
F

Matched
filter
*
g~signal (ω ) g~data (ω )

Inverse
Transform
−1

~
F

S noise

E fast = g 2 filtered (t )

g filtered (t )

Iljxuh 4715= Wkh eorfn0gldjudp iru wkh idvw owhu1 Wklv lv d uhodwlyh vwudljwkiruzdug surfh0
gxuh1 Wkh lqsxw gdwd lv vdpsohg dw d idvw udwh +73<9 K}, dqg qrw ghprgxodwhg1 Wkh idvw
owhu lv lpsohphqwhg lq wkh Irxulhu grpdlq1 Wkh lqsxw gdwd j+w, lv wkh glhuhqfh {Ä  { Å lq
wkh glvsodfhphqw ri wkh edu dqg wkh wudqvgxfhu1 Wkh Irxulhu wudqvirup ri wkh lqsxw gdwd
+qrlvh.hyhqwxdo vljqdo, h
jÆÇ2È Ç +$, lv pxowlsolhg e| wkh frqmxjdwh ri wkh Irxulhu wudqvirup ri
wkh whpsodwh vljqdo jhÉbÊ Ë2Ì Ç2Í +$,= Wklv surgxfw lv glylghg e| wkh wrwdo qrlvh vshfwuxp VÌ Î/Ê É?Ï
wr rewdlq wkh owhu gdwd jhÐ"ÊÍ È Ï?ÑÏ/Æ +$,= Wr jr edfn wr wkh wlph grpdlq zh shuirup dq lqyhuvh
Irxulhu wudqvirup1 Wkh hqhuj| HÐ[ÇCÉbÈ lv ghwhuplqhg e| wkh vtxduh ri wkh wlph grpdlq owhuhg
gdwd jÐÊÍ È Ï?ÑÏ?Æ +w,=

Ai u@t| *|ih t @ _hiU| @TT*U@|L? Lu |i 4@|Ui_ *|ihc ? |i uhi^i?U)
_L4@?c @TT*i_ _hiU|*) |L |i _@|@ hiULh_i_ _hiU|*) |L| |i _i4L_*@|L? @?_
_iU4@|L? tL? ? 6}hi e `i @*tL tL |@| u ? @__|L?c i Thi*|ih |i
_@|@ | @ |i??} *|ih E|@| t }L?} |L Mi _itUhMi_ *@|ih |i hit*|t LM|@?i_ @hi
t4*@h |L |i U@ti Lu @ _hiU| @TT*U@|L? Lu |i u@t| *|ih Ai @_@?|@}i Lu t?} |i
Thi*|ih t |L hiULih |i ?|@* 4T*ti uLhUi @?_ Mi @M*i |L U@h@U|ih3i |i t}?@* @t @
tLh| _h@|L? 4T*ti At @**Lt |L @TT*) |i 6Lhih |h@?tuLh4 |L @ tLh|ih t|hi|U
Lu _@|@ | |i UL?ti^i?| t@?} Lu UL4T|@|L?@* |4i ? |i @?@*)tt 6}hi e2
t @? **t|h@|L? Lu |i *|ih?} ThLUi_hi uLh |i u@t| *|ih
H

B ar-T ran sd u cer
r e l a tiv e m o t io n

In p u t : g (t ) = x 2 − x1

⊗

LOW PASS

SA M PLER:

F IL T E R

125 H z

e x p (i Ω r t )

⊗

L o c k i n d e m o d u la to r :

LOW PASS
F IL T E R

e x p (i∆ Ω + t )

z + m a tc h e d
E+ =

2

r

= (Ω

z−

E TO T = w + E + + w − E −

−Ω

−

)/ 2

+

= Ω

r

− Ω

+

∆Ω

−

= Ω

r

− Ω

−

⊗

LOW PASS
F IL T E R

D e m o d u la tio n

z+

+

∆Ω

D E C IM A T IO N
B Y 10

D e m o d u la tio n

z + m a tc h e d

Ω

z (t )

D E C IM A T IO N
BY 10

M A T C H E D F IL T E R
(tim e d o m a in )

SSl looww FFililteterr PPrroocceessss: :
SSi immuul laatitioonn

e x p (i ∆ Ω − t )

M A T C H E D F IL T E R
(tim e d o m a in )

z − m a tc h e d

E− =

z − m a tch ed

2

Iljxuh 4716= Wkh eorfn gldjudp iru wkh vorz owhu1 Wkh uvw jud| eorfn lv wkh htxlydohqw lq
rxu vlpxodwlrq ri wkh orfn0lq ghprgxodwru lq wkh uhdo dqwhqqd1 Zh xvh wkh skdvru ixqfwlrq
h{s+l$w, wr ghprgxodwh wkh gdwd1 Wklv lv htxlydohqw wr vhsdudwh wkh gdwd lq wkh lq0skdvh dqg
lq0txdgudwxuh frpsrqhqwv1 Wkh rxwsxwv ri wkh ghprgxodwlrq duh wkhq frpsoh{ yduldeohv1 Zh
xvh lq rxu gldjudp wklfn olqhv wr lqglfdwh wkh rz ri wkhvh frpsoh{ yduldeohv +dv li frpsrvhg
ri wzr fkdqqhov { dqg |,= Diwhu wkh uvw ghprgxodwlrq zh vkliw wkh }hur iuhtxhqf| wr wkh soxv
dqg plqxv prgh1 Wkhq zh orz sdvv owhu dqg ghflpdwh wkh gdwd wr nhhs mxvw d qduurz zlqgrz
ri iuhtxhqflhv durxqg wkh wzr uhvrqdqw prghv1 Zh dsso| wkh pdwfkhg owhuhg wr wkh soxv dqg
plqxv sduw ri wkh gdwd1 Wkh devroxwh vtxduh ri wkh soxv dqg plqxv owhuhg gdwd lv vxpphg
wrjhwkhu +zlwk dssursuldwh zhljkwv wr wdnh lq frqvlghudwlrq glhuhqfhv lq wkh whpshudwxuh ri
wkh wzr prghv,1 Wklv qdo rshudwlrq jlyhv wkh hqhuj| lqqrydwlrq ri wkh vorz owhuhg gdwd1
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2-mode
2-modeoscillator
oscillatorsimulation’s
simulation’ssteps
steps
STEP 1
Set parameter of simulation: Temperature, Quality factor,
Mass of bar & transducer

STEP 2
Use parameters to calculate the spring coefficients matrix K,
from K calculate eigenvector matrix A.
A is the transformation matrix from mass to normal mode coordinates.
STEP 3
Set 2 independent oscillators with the frequency
determined by the eigenvalues of K
Use the digital filter to simulate the output of the oscillators.

STEP 4
Go back to the inertial coordinates using A. Calculate the observable:
the difference between the two mass coordinates.
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Iljxuh 5414= Wkh phdvxuhdg dqg wkhruhwlfdo +frqwlqxrv olqhv, glvwulexwlrq ixqfwlrqv iru wkh
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yhu| jrrg pdwfk ehwzhhq phdvxuhg dqg wkhruhwlfdo glvwulexwlrq ixqfwlrqv1
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Iljxuh 5415= Wkh whpshudwxuh vhtxhqfh iru wkh idvw +eoxh, dqg vorz +uhg, owhuv1 Lw dsshduv
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Iljxuh 5416= Wkh udwlr ehwzhhq wkh idvw dqg vorz rxwsxw whpshudwxuh dv d ixqfwlrq ri wlph1
Lq dyhudjh wklv udwlr lv ri rughu 4251
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Iljxuh 5417= Wkh wlph vhtxhqfh iru wkh idvw +eoxh, dqg vorz +uhg, hyhqwv lv vxshulpsrvhg lq
wklv jxuh1 Zh fdq qrwlfh wkdw hyhq li qrw lghqwlfdo wkh wzr wlph vhtxhqfh lq dyhudjh iroorz
hdfk rwkhu1 Lw vhhpv wkdw rqh owhu lv qrw %txlhwhu% wkdq wkh rwkhu1
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Iljxuh 5418= D forvhu orrn dw wkh wlph vhtxhqfh ri wkh rxwsxw ri wkh wzr owhuv1
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Iljxuh 5419= Wkh hqyhorsh ri wkh idvw owhu lv vkrzq lq uhg/ wkh hqwluh idvw wlph vhtxhqfh lq
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Iljxuh 541:= Wkh klvwrjudpv ri wkh hqyhorshv ri wkh idvw +eoxh, dqg vorz owhuv +uhg,1
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Iljxuh 541;= Wkh vxshusrvlwlrq ri wkh hqyhorsh ri wkh idvw +eoxh, dqg vorz +uhg, owhu hqyhorshv1
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Iljxuh 541<= Wkh hyhqwv deryh wkuhvkrog1

Iljxuh 54143= D forvh xs ri wkh hyhqwv ryh wkuhvkrog dqg wkh hvwlpdwlrq ri wkh pd{lpxp
hqhuj| ri wkh hyhqw1 Wkh flufohv lqglfdwh wkh pd{lpxp iru d jlyhq hyhqw deryh wkuhvkrog1

b.

Iljxuh 54144= Vwdwlvwlfv iru wkh hqhuj| ri wkh hyhqwv deryh wkuhvkrog1 Lw lv hdv| wr vhh wkdw
iru jlyhq hqhuj| wkhuh duh pruh hyhqwv iru wkh vorz owhu1 Wklv surgxfhv d kljkhu idovh dodup
udwh zkhq shuiruplqj d frlqflghqfh vhdufk ehwzhhp wzr ghwhfwruv1
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Iljxuh 54145= Wkh glvwulexwlrq ixqfwlrq ri wkh hvwlpdwlrq ri wkh hqhuj| ri wkh vljqdo lq qrlvh1
Wkh uhg fxuyh lv wkh uhvxow iru vorz owhu dqg wkh eoxh lv wkdw iru wkh idvw1 Lw lv srvvleoh wr
qrwlfh wkdw iru wkh idvw owhu wkhuh duh pruh hyhqwv qhdu wkh uhdo ydoxh ri wkh vljqdo dw 3133:7
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Iljxuh 54146= Wklv jxuh vkrzv wkh vwdqgdug ghyldwlrqv iru wkh hqhuj| hvwlpdwlrq iru wkh
idvw dqg vorz owhuv1 Wkh vwdqgdug ghyldwlrq lv qrupdol}hg wr wkh ydoxh ri wkh ruljlqdo vljqdo
hqhuj| dqg lw lv glvsod|hg dv d ixqfwlrq ri wkh hqhuj| ri wkh vljqdo1
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Iljxuh 54147= Wkh hqhuj| ri wkh vljqdo lq qrlvh diwhu wkh rshudwlrq ri owhulqj zlwk wkh idvw
dqg vorz owhuv duh frpsduhg djdlqvw hdfk rwkhu1 Lw vhhpv wkhuh lv d yhu| jrrg fruuhodwlrq
ehwzhhq wkh wzr gdwd vhwv1
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Iljxuh 54148= Wkh duulydo wlph dqg hqhuj| ri wkh vljqdo lq qrlvh iru wkh idvw +eoxh, dqg vorz
+uhg,1

Iljxuh 54149= Wkh duulydo wlph ri vljqdo iru wkh vorz owhu dqg wkh idvw owhu1 Wkh wlph lv jlyhq
lq vdpsolqj srlqwv +73<9 shu vhfrqg,1 Wkh hqhuj| ri wkh lqmhfwhg vljqdo lv 3133:7 nhoylq1
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Wdeoh 5415= Wkh vwdqgdug ghyldwlrq ri wkh duulydo wlphv qrupdol}hg wr wkh hqhuj| ri wkh vljqdo
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Iljxuh 5414:= Wkh frpsdulvrq ehwzhhq wkh hqhuj| wlph vhulhv ri wkh vorz +uhg, dqg idvw +eoxh,
rxwsxw/ iru wkh wzr prghv rvfloodwru1
Wdeoh 5416= Vwdwlvwlfdo sdudphwhuv iru wkh idvw dqg vorz owhu1 Wklv lv wkh wzr prghv rvfloodwru
fdvh1
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Iljxuh 5414<= Wkh glvwulexwlrq ri wkh froodsvhg hyhqwv deryh wkuhvkrog iru idvw +eoxh, dqg vorz
+uhg,1 Wkh vlpxodwlrq frqwdlqv vljqdo soxv qrlvh1

integral distribution (noise+sign) sign~ 0.006 K
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Iljxuh 54153= Wkh lqwhjudo glvwlexwlrq ri wkh froodsvhg hyhqwv deryh wkuhvkrog> l1h wkh wrwdo
qxpehu hyhqwv deryh jlyhq hqhuj|1
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Iljxuh 54154= Wkh udwlr ehwzhhq wkh froodsvhg hyhqwv ryhu d jlyhq wkuhvkrog iru wkh idvw owhu
eoxh, dqg vorz owhu +uhg,1

distribution of collapsed events, just noise, noise temperature 4 mK
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Iljxuh 54155= Wkh glvwulexwlrq ri hyhqwv deryh wkuhvkrog/ iru idvw +eoxh, dqg vorz +uhg, owhuv1
Qr vljqdo lv suhvhqw1
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integral distribution, just noise, noise temperature 4 mK
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Iljxuh 54156= Lqwhjudo glvwulexwlrq ri wkh hyhqwv deryh wkuhvkrog1 Mxvw qrlvh lv suhvhqw1

events above treshold fast/slow ratio, just noise
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Iljxuh 54157= Wkh udwlr ehwzhhq idvw ryhu vorz qxpehu ri hyhqwv deryh wkuhvkrog1 Mxvw qrlvh
lv suhvhqw1
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Iljxuh 5514= Wkh wlph vhulhv ri wkh ghprgxodwhg gdwd +eoxh, dqg wkh ruljlqdo gdwd +uhg,1 Lw
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Iljxuh 5515= Wkh klvwrjudp iru wkh ghprgxodwhg gdwd +eoxh, dqg wkh ruljlqdo gdwd +uhg,1 Lw
lv fohdu wkdw dw kljk hqhuj| wkh wzr klvwrjudpv duh frpsdudeoh1
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Iljxuh 5516= Wkh hqyhorsh ri wkh qrq0ghprgxodwhg +uhg, gdwd vxshulpsrvhg rq wkh wlph vhulhv
ri wkh ghprgxodwhg gdwd +eoxh,1
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Iljxuh 5517= Wkh frpsdulvrq ri wkh odujh vljqdo +qr qrlvh, ruljlqdo wlph vhulhv +eoxh, dqg
wkh %uhfrqvwuxfwhg% iurp wkh ghprgxodwhg gdwd wlph vhulhv1 Wkhuh lv frpsohwh djuhhphwq
ehwzhhq wkh wzr vhulhv1
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Iljxuh 5518= Wkh wlph vhulhv ri wkh skdvh skl iru wkh ghprgxodwhg gdwd1
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Iljxuh 5519= Wkh glhuhqfh ri wkh ydoxhv ri wkh skdvh skl1 Qrwlfh wkh %jolwfkhv% ru vxgghq
fkdqjhv lq wkh skdvh ydoxh1

2H

4.5
4
3.5

log10 of count

3
2.5
2
1.5
1
0.5
0

0

0.5

1

1.5
Energy/Kelvin

2

2.5

3
-3

x 10

Iljxuh 551:= Wkh klvwrjudp ri wkh hqhuj| ri wkh ghprgxodwhg +uhg, dqg qrw ghprgxodwhg
+eoxh, gdwd1
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Iljxuh 5616= Wkh uhdo ghwhfwru uhvxow iru wkh idvw owhu +eoxh, dqg wkh vorz owhu +uhg,1 Wklv
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Iljxuh 5714= Wkh idvw owhu dssolhg wr d odujh lpsxovh wkd h{flwhv mxvw wkh edu +eoxh/ dv lq wkh
judylwdwlrqdo zdyh vljqdo, dqg erwk wkh edu dqg wudqvgxfhu1 Wkh owhu dvvljqv pruh hqhuj|
wr wkh uvw w|sh ri hyhqw1
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Iljxuh 5715= Wkh idvw owhu rxwsxw lq wkh fdvh ri hqhuj| ehlqj gholyhuhg mxvw lq wkh edu +eoxh,
dqg erwk lq wkh edu dqg wudqvgxfhu +uhg,1
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Iljxuh 5716= Wkh uhodwlrqvkls ehwzhhq wkh lpsxovh rq wkh edu +eoxh, dqg wkh lpsxovh rq wkh
wudqvgxfhu +uhg, iru d ydoxh Jdppd 48 wlphv ohvv wkdq wkh rqh xvhg lq wkh suhylrxv slfwxuh1
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Iljxuh 5717= Wkh uhodwlrqvkls ehwzhhq wkh ydoxh Jdppd dqg wkh udwlr lq hqhuj| rxwsxw zkhq
wkh edu lv h{flwhg dqg zkhq rqo| wkh wudqvgxfhu lv h{flwhg1
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Iljxuh 5718= Wkh frpsdulvrq ehwzhhq wkh fdvh ri wkh irufh dfwlqj mxvw rq wkh edu +eoxh, dqg
wkh fdvh ri wkh irufh dfwlqj mxvw rq wkh wudqvgxfhu iru erwk idvw dqg vorz owhu1
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Iljxuh 5719= Wklv jxuh vkrzv wkh uhodwlrqvkls ehwzhhq wkh udwlrv lq Vljqdo wr Qrlvh udwlr
+VQ, dqg wkh udwlr ehwzhhq wkh hqhuj| uhvsrqvh ri wkh fdvh ri dq lpsxovh mxvw rq wkh edu
dqg wkh fdvh ri dq lpsxovh mxvw rq wkh wudqvgxfhu1
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Iljxuh 571:= Wkh Iljxuh looxvwudwhv wkh fxpxodwlyh srzhu iru wkh irufh qrlvh dpsolwxgh uh0
vsrqvh dqg wkh eurdg edqg VTXLG qrlvh1 Wkh fxwr iuhtxhqf| lv dw orzhu iuhtxhqf| wkdq
wkh iuhtxhqf| zkhuh wkh qduurz edqg qrlvh ehfrphv juhdwhu wkdq wkh eurdg edqg qrlvh1
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